† Background and Aims Populus alba is a thermophilic forest tree present in the Mediterranean basin. Its habitat is highly fragmented and its distribution range has been subject to long-term human interference, resulting in debate surrounding whether certain populations are native or exotic in origin. In particular, populations from the islands of Corsica and Sardinia are of uncertain origin. While populations of P. alba mainly reproduce sexually, clonal reproduction is also common. The aims of this study were to locate and molecularly characterize the poorly studied island populations of P. alba and compare these with samples from various spatial scales, in order to provide information on the genetic structure and phylogeography of this species. This information will provide evidence on whether the species is native to Sardinia, which is important for the development of conservation strategies. † Methods DNA extracts were obtained from the following P. alba trees: 159 from Sardinia, 47 from Ticino regional park (northern Italy), 15 acquired from an Italian Germoplasm Bank (IRC; Italian Reference Collection) and 28 from the Mediterranean basin (MB). Genetic polymorphisms were revealed at nuclear and chloroplast DNA (cpDNA) microsatellite loci, both at the island scale (Sardinia) and at broader scales, for comparative assessment of the genetic and genotypic diversity and phylogeography. † Key Results Based on nuclear microsatellite loci, Sardinian white poplar consists of a small number of genets (26), each of which is represented by several ramets. Despite the uniqueness of the Sardinian haplotypes and the very low value of genetic diversity at the cpDNA level (v K ¼ 0 . 15), the H T (0 . 60) and the A R (3 . 61) values, estimated at the nuclear level for Sardinia, were comparable with those of the other populations and collections. † Conclusions The uniqueness of the cpDNA haplotypes, the prevalence of clonality and the restricted number of genets recorded suggest that Sardinian white poplar could be a floristic relict of the native flora of the island, which has spread through available habitats on the island mainly by means of vegetative propagation and human activities.
INTRODUCTION
Island systems have long served as natural laboratories for evolutionist biologists (Darwin, 1859; Emerson, 2002) . Despite their frequent small size, islands usually contain a range of habitats suitable for the colonization of an array of plants and animals. Once an island is colonized, population differentiation among islands, or continents, can be facilitated by isolation (Juan et al., 2000) .
The degree of isolation of island and mainland populations, as well as other historical and demographic factors will impact patterns of genetic diversity within and among populations. The combination of a wide geographic range and the presence of dispersed populations makes it possible for a plant species to harbour a certain level of genetic variability. This genetic richness can be present in the form of either allelic variability or allelic uniqueness of some populations (Petit et al., 1998) . These genetic characters can be used to define the origin and to evaluate the phylogeography of a species (Petit et al., 2005) . The occurrence of peculiar allelic combinations, absent from other areas of the distribution range, may reflect both past demographic and selective processes, and may contribute to a population's ability to adapt to environmental changes or particular conditions, affecting the species' ability to survive and spread in a particular habitat (Meloni et al., 2006) .
Many perennial plants combine sexual reproduction and clonal propagation as population regeneration mechanisms (Abrahamson, 1980; Peterson and Jones, 1997) . In some clonal species the relative success of sexual vs. clonal recruitment can vary in response to ecological and genetic factors that favour one regeneration mechanism over the other (Eckert, 2002) . The demographic balance between sexual and clonal recruitment is likely to have important consequences for clonal diversity and genetic structure of plant populations (Ellstrand and Roose, 1987; Eckert and Barrett, 1993) . Clonal reproduction (Alfonso-Corrado et al., 2004; Storme et al., 2004; Baali-Cherif and Besnard, 2005; Honnay and Bossuy, 2005) can be defined as the generation of new individuals genetically identical to the ancestral organism, through binary fission (bacteria) or mitosis (eukaryotic cells) (King and Stansfield, 1990) . In particular, clonal reproduction is a strategy commonly employed by early generation hybrids (since they often show a low level of fertility) in order to increase the number of flowering ramets per genet (Burke et al., 2000; Silvertown, 2008) . Ramets are defined as clonally produced parts of a plant with their own roots and a potentially independent existence, whereas a genet is comprised of all ramets arising from a single seed (Silvertown and Lovett Doust, 1993) . Clonal growth enables a genet to distribute itself across an area ranging from a few centimetres to hundreds of metres (Cook, 1985; Horak et al., 1987) .
Clonal growth is a common characteristic, with varying importance, of members of the genus Populus (Arens et al., 1998; Winfield et al., 1998; Storme et al., 2004; Suvanto and Latva-Karjanmaa, 2005) . For instance, a single American aspen (Populus tremuloides) clone consisting of 47 000 ramets has been reported to cover an area of 43 ha (Kemperman and Barnes, 1976) . Populus alba, a forest tree species that is phylogenetically closely related to American aspen (Dickmann, 2001) , can reproduce asexually via cuttings, root-suckers or cladoptosis (Dickmann, 2001) , although, in natural populations, its reproduction is described as mainly sexual (Sabatti et al., 2001; Fossati et al., 2004; Lexer et al., 2005) . Populus alba, also referred to as European white poplar, is widely distributed in floodplain forests throughout northern Africa, southern Europe and central Asia (Tchou, 1948) . It is resistant to insect pests, and fungal and bacterial pathogens, and tolerates diverse environmental stresses such as drought, wind, salinity and high temperatures (Dickmann, 2001) .
White poplar is considered native to the continental Mediterranean basin, as demonstrated recently by the discovery of fossil remains in Southern France (Roiron et al., 2004) . In contrast, its status on Mediterranean islands is controversial. For example, it was considered of uncertain status on the island of Corsica (Briquet, 1910) , native on Sardinia and Sicily (Camarda and Valsecchi, 1985; Greuter et al., 1989; Pignatti, 1998) and was not assessed on most of the other islands.
Nevertheless, no critical analysis according to the criteria of Webb (1985) has been performed to confirm the putative native status of white poplar on Sardinia. Mediterranean islands are commonly subject to plant invasions (Hulme et al., 2008) due to the long-term interaction between humans and their environment. In fact, during the course of human occupation, the introduction of alien plants and animals is a very common event (Gil et al., 2004 ) and the range of many forest tree species has been impressively modified by human activities through the ages (Richardson, 1998) .
On the basis of the above considerations and since no previous genetic, phylogeographical or ecological research has been conducted on white poplar of Sardinia, a molecular survey was carried out describing patterns of genetic variation and phylogeography of the whole island, using additional samples from the species range for comparative purposes. Lowe et al. (2004a) . A total of 93 white poplar trees were sampled from 30 sites covering an area of about 8000 km 2 at the north end of the island. The location of sampled trees was recorded by GPS, and leaf material was collected wherever the species was found to be naturalized (i.e. not obviously cultivated; Fig. 1A ). In the absence of data on the genetic structure of the island populations, it was assumed a priori that each site represented a local population or sub-population, according to the distance between collecting sites (.15-20 km) and/or the presence of geographical barriers. At each site, a population consisted of a few hundreds to several hundred thousand individuals. At each sampling site, between two and five specimens were collected. Field observations, including morphological assessment of gender, as well as preliminary results of genetic [simple sequence repeat (SSR)] analyses suggested clonal structure, and indicated that a second collection should be conducted to cover the whole island, and that 1 -2 samples per site could be collected without loss of information. Consequently, during the second sampling season (2005), 66 additional individuals were collected from 50 sites (Fig. 1) , to obtain broader insights into P. alba population genetics on Sardinia. It was assumed a priori that each additional site corresponded to a single genet.
MATERIALS AND METHODS
Additional materials were collected for broad-scale comparisons. The broadest sample is denoted MB (Mediterranean basin) and includes 28 specimens (including samples from Corsica, Rhodes, Camarguein the South Table S1 , available online). A natural population located along the Ticino river Regional Park in North Italy includes 47 individuals that were previously characterized for molecular polymorphisms (Fossati et al., 2004) .
Molecular analysis
For all samples, DNA was extracted from 20 mg of dried leaves, using the DNeasy Plant Mini kit (Qiagen, Germany), following the manufacturer's instructions.
The entire set of 159 Sardinian white poplar individuals and the other populations and collections (MB, IRC and Ticino) were scored for a total of five nuclear and three chloroplast (cp) SSRs. The nuclear SSRs, being co-dominant markers, are useful for population genetics, whereas the cpSSRs are the most informative markers for phylogeography (Lowe et al., 2004b) .
Five unlinked SSR nuclear loci (WPMS05, WPMS14, WPMS15, WPMS18 and WPMS20; Cervera et al., 2001; Gaudet et al., 2008) , originally identified in P. nigra (Schoot et al., 2000; Smulders et al., 2001) , were surveyed. These five highly polymorphic SSRs were sufficient to discriminate nearly 100 % of poplar individuals in previous studies (Dayanandan et al., 1998; Fossati et al., 2003 Fossati et al., , 2005 . Polymerase chain reaction (PCR) conditions, scoring and recording were described by Fossati et al. (2004) .
For the cpSSR analysis, a polymorphic sub-set (ccmp2, ccmp6 and ccmp10) of the original set of cpSSRs described by Weising and Gardner (1999) was used. The PCRs were performed in 15 mL volumes containing 1 -10 ng of DNA, 1Â PCR Green reaction buffer (Promega), 200 mM of each dNTP, 0 . 75 U of Taq polymerase (GoTaq, Promega), 1 . 5 mM MgCl 2 and 0 . 4 mM of each primer. The forward primers were labelled with FAM, HEX or TMR. The PCR cycle was: denaturation at 94 ºC for 5 min followed by 30 cycles of 94 ºC for 30 s, 50 ºC for 30 s, 72 ºC for 30 s and a final extension at 72 ºC for 10 min. The PCR products were separated by capillary electrophoresis, with a 400 bp size standard, using the MegaBACE automated sequencer (Amersham, GE Healthcare). Alleles were sized using Fragment Profiler version 1 . 2 (Amersham, Uppsala, Sweden).
Nuclear SSR data
The clonal diversity index [calculated as G/N where G is the number of genotypes observed and N is the total number of individuals sampled in a population(s)], estimating genotypic diversity, and evenness, measuring the relative abundance ( percentage frequency) of the different genotypes making up the genotype richness of the sampled area, were computed for Sardinian white poplar. Both indices were calculated only in the case of the first sampling (2004), because no assumption (based on the preliminary data produced) on the genetic structure of the Sardinian white poplar was made.
The p sex index was calculated in order to estimate the probability that identical genotypes are the result of sexual reproduction rather than of clonal reproduction within the naturally reproduced population of the island of Sardinia (n ¼ 159 individuals), using the option available in the Software package GenClone 2 . 0 (http://si-wagner.ualg.pt/ ccmar/maree/software.php?soft=genclon). A detailed and comprehensive description of the mathematical formula of p sex is available at the following web site: http://si-wagner. ualg.pt/ccmar/maree/pdf/Readme.GenClone2.0.pdf.
Nei's H values were computed using the GenAlEx package (Peakall and Smouse, 2006) , the mean number of alleles per locus (A R ) was calculated using FSTAT 2 . 9 . 3 (Goudet, 1995) . Nei's H values and the A R index were computed only in the case of the Sardinian and Ticino populations.
Chloroplast SSR data
Haplotypes were defined as distinct combinations of size variants at the three cpSSRs, and a minimum spanning tree (MST) was constructed using the software MINSPNET (http://cmpg.unibe.ch/software.htm) to visualize the minimum number of size differences (bp) between haplotypes. To reconstruct the tree, the genetic distance (d xy ) between haplotypes i and y was calculated as follow:
where a xi and a xy are the sizes of the microsatellite of the ith locus for the haplotypes x and y, L being the number of analysed loci (Excoffier and Smouse, 1994) . The level of polymorphism within populations was estimated as haplotypic richness A S (El Mousadik and Petit, 1996) using the software FSTAT.
We also estimated haplotype diversity (h S , v K and v S ) based on haplotype frequencies, both for each population and collection and within the species according to Pons and Petit (1996) either ignoring distances between haplotypes (h S ), or taking them into account (v K and v S ). Weights, defined as distances between the haplotypes, were considered as the proportion of polymorphic alleles between haplotypes and used to calculate v K , v S and N ST (Pons and Petit, 1996) . Haplotypic diversity (h S , h T , v S and v T ) and differentiation (G ST and N ST ) statistics were calculated using HaploNst (Pons and Petit, 1996) , for the entire population of white poplar and for the entire population but with the Sardinian population removed. Differentiation among populations was computed from unordered and ordered alleles (G ST and N ST , respectively) and the contribution of allele phylogeography to total differentiation was assessed with a permutation method (Pons and Petit, 1996) . This involves permutation of distances between pairs of haplotypes, and therefore a significant N ST . N ST permuted (i.e. N ST . G ST ) reflects that closely related haplotypes are found together in polymorphic populations more often than expected by chance, which can be interpreted as the existence of a significant genetic structure within the species (Pons and Petit, 1996) . All computations were performed using the software PERMUT available at the following web site: http://www. pierroton.inra.fr/genetics/labo/Software/Permut/, weighting distances between haplotypes by their frequencies (default option).
RESULTS

Clonal structure of Sardinian white poplar
In most of the surveyed localities hundreds to thousands of P. alba ramets of different ages were found, derived from a single genet, of the same gender, forming, in some cases, linear formations of some kilometres along river systems, or covering large areas of several hectares. These observations are in sharp contrast to previous experimental results and observations on the Italian continental populations (Fossati et al., 2004) , which are always composed of individuals of both genders. Moreover, this pattern of sex distribution in the Sardinian P. alba supported the possibility of clonal spread through cladoptosis and root-suckers of a single genet forming stands of thousands of ramets.
Within Sardinia, all five nuclear SSRs assayed were polymorphic. Computational analysis showed the presence of 26 genets (Table 1) (Table 1) .
The 26 genets from Sardinia show only three cpSSR haplotypes (J, H and L; see below, and Fig. 2B ). The genets J1, J9, J20, H22, for example, form stands of up to thousands of ramets spread throughout an area of .4000 km 2 , 1700 km 2 , 300 km 2 and 100 km 2 , respectively. The other white poplar genets detected in Sardinia are based on a more limited number of ramets which exhibit local clustering, covering areas of up to several square kilometres, with distribution ranges that do not overlap each other (Fig. 1) .
The p sex index estimated for each single collected white poplar tree of the Sardinian population was equal to zero, indicating that the probability of sampling an identical individual derived from sexual reproduction is highly unlikely, confirming the importance of asexual reproduction in Sardinia.
Broad-scale comparisons and minimum spanning tree
Considering the different origin and features of the four white poplar sample sets used in this study (Sardinia, Ticino, IRC and MB), it is only possible to make general comparisons between the Sardinian, Ticino and the two white poplar collections (IRC and MB). In particular the MB and IRC collections clearly are not populations, and studying them as such might be somewhat misleading. Considering Sardinian white poplar as a single population is not realistic either, given the size of the island and the clonal structure that was exhibited. Despite these difficulties in comparing the data sets from the different collections, it was nevertheless possible to draw meaningful conclusions regarding the molecular and genetic characterization of white poplar populations in Sardinia. The average number of alleles (N a , Table 2 ) per locus in Sardinian white poplars is 5 . 0 (range 2 -7) and this is similar to that found in the other collections and populations. The mean allelic richness is 3 . 61 and this is only slightly different from that recorded for the Ticino samples (4 . 17; N a , number of observed alleles per locus; H e , expected heterozygosity; H o , observed heterozygosity; P a , private alleles numberper population or collection; N a,total , total number of alleles; H T , total heterozygosity of the analysed populations; A R , and allelic richness corrected for sample size using nine individuals for the Sardinia and Ticino populations. Table 3 .
from a single individual outside Sardinia, collected on the Italian island of Sicily. The observed heterozygosity (H o , Table 2 ) is higher than expected (H e ) for each locus in the Sardinian white poplar and also higher than in the Ticino population.
CpSSR analysis revealed a total of 19 haplotypes (K) across all the investigated populations and collections. Haplotypic richness (A S ) in P. alba is quite low in the case of the Sardinian population (A S ¼ 1 . 60), higher for the Ticino population (A S ¼ 2 . 77) and very high for the MB collection (A S ¼ 4 . 21; Table 3 ). The Sardinian population has a very low number of haplotypes (K ¼ 3), which are not present in any of the other populations and collections assessed. The Ticino population and the MB collection are much more polymorphic (K ¼ 8 and K ¼ 12, respectively) and the IRC collection has an intermediate value (K ¼ 5) of haplotypes. The low level of polymorphisms is also reflected by the low number of total alleles (N a,total ¼ 5) in Sardinia when compared with those of the Ticino population and in the MB collection (N a,total ¼ 9 and 13, respectively; Table 3 : information on allele sizes of each cpSSR is available online as Supplementary Information, Table S3 ).
For evaluation of the contribution of the island of Sardinia to haplotype diversity, differentiation and clonal structure in the study area, several parameters were calculated (Tables 3 and 4) either including or omitting the Sardinian white poplars (Table 4 ). The v K values, estimated for each population (Table 3) and within-population haplotype diversity (h S and v S ) for white poplar, either including or omitting the Sardinian population, is generally quite high (Table 4) . Differentiation among populations and collections is not pronounced when the alleles are both ordered (N ST ¼ 0 . 091) and unordered (G ST ¼ 0 . 165), when Sardinia is excluded from the cpSSR analysis (Table 4) . In contrast, when the analysis also includes the Sardinian population, there is much clearer differentiation (N ST . G ST; N ST Permut ¼ 0 . 325 with P , 0 . 01; Table 4 ). This result can be interpreted as evidence of genetic structure within Sardinian white poplar.
The MST visually describes the phylogeographic relationships among the 19 haplotypes in the study area (Fig. 2B) . The three haplotypes observed in Sardinia are highly similar, with only one and two mutational steps separating haplotype L from H and J, respectively, but the Sardinian haplotype J is separated from the rest of the Mediterranean basin (IRC, MB and Ticino) by at least eight mutational steps. In contrast, all the other haplotypes of the Mediterranean basin are separated from one another by only 1 -3 mutational steps.
DISCUSSION
Clonal structure in Sardinian white poplar
Nuclear and cpSSR analysis has demonstrated that Sardinian white poplar comprises a few genets (26, see Table 1 ), and their ramets, in some cases, form huge, monoclonal stands of the same gender (Table 1) , which are geographically clustered and cover very large areas (e.g. see genet J1 in Fig. 1 ). The field and molecular surveys (2004) (2005) provide evidence for abundant vegetative propagation. This is confirmed by the remarkable scarcity of fertile seed production (detected in only one of 80 sampling sites covering the whole island) and the complete absence of seedlings in all sampled sites. Moreover, seminatural areas, in particular those which have been abandoned by man, or are no longer devoted to agricultural and grazing activities, are often colonized by white poplar through vegetative spread. It seems that in Sardinia this alternative strategy to sexual reproduction for white poplar is successful. This clonal structure was totally unexpected on the basis of the previous synecological, taxonomic and floristic information available. Certainly, on the basis of current knowledge, one of the white poplar genets discovered in Sardinia is among the largest TABLE 4 Chloroplast marker diversity (haplotypic diversities h and v) and differentiation (G ST , N ST ) statistics from white poplar populations in the Mediterranean basin including all populations and collections, or excluding the Sardinian population K, Number of haplotypes found in populations and collections; N a , mean allele number; N a,total , total number of alleles; A S , haplotypic richness corrected for sample size using 14 individuals; and v k , population diversity. genets described to date in nature for the genus Populus, as it consisted of thousands and thousands of ramets. Until now, the most spectacular example of a poplar monoclonal stand is that cited by Kemperman and Barnes (1976) . In the case of P. nigra and other forest trees, there are several examples in the literature of large local and spatially limited clones (Arens et al., 1998; Winfield et al., 1998; Alfonso-Corrado et al., 2004; Barsoum et al., 2004) , suggesting that vegetative reproduction varies among species, but also depends on the dynamics of the river or site under study (Barsoum et al., 2004) .
Native status of Sardinia white poplar
The pattern of cpSSRs and nuclear SSRs is informative when Sardinian white poplar is compared with all the other populations and collections. In fact, cpSSRs present in Sardinian samples show the presence of three different and private haplotypes H, J and L. These three haplotypes are well separated from the other haplotypes known from the Mediterranean basin, as clearly illustrated by the MST (Fig. 2B) . This suggests that Sardinia may have acted as a glacial refugium. Sardinian white poplar was certainly present in the floral refugia in the Mediterranean basin at the end of the last ice age. It co-existed with other forest taxa including other species of Salicaceae, which share common habitat preferences (e.g. P. nigra). Several tree species, including poplar, occurred locally in small suitable sites within the Mediterranean region, but also at the southern edge of the cold and dry steppe-tundra area in eastern, central and south-western Europe (Ray and Adams, 2001; Petit et al., 2003; Cottrell et al., 2005) . In particular, on the basis of cpDNA data, it has been hypothesized that Sardinia could have been a primary refugium for one white oak species (Petit et al., 2002) during the last glacial era. This hypothesis is supported by the presence in white oak of an endemic haplotype in Sardinia and Corsica that has not migrated to northern parts of Europe (Petit et al., 2002) . Populus alba may have followed the same recolonization routes, beginning from the Southern refugia (the south of Spain, Italy and the Balkans; Hewitt, 1999) used by many other poplar species such as P. tremula and P. nigra (Petit et al., 2003; Cottrell et al., 2005) . With the exception of the Sardinian haplotypes, white poplar spread from these glacial refugia to colonize the Mediterranean basin and other sites in Europe, as also demonstrated by its presence in the South of France based on paleobotanical data (Roiron et al., 2004) . Therefore, a reasonable explanation for the presence of white poplar on the island, as the present molecular data would suggest, is that P. alba is a relict species of the Sardinian flora. The catastrophic climatic changes, due to the last glaciation, caused a dramatic reduction of the native white poplar populations in Sardinia, resulting in the survival of only a few genets. The absence of sexual reproduction might be linked to asynchrony of floral phenology of the remaining clones, an unbalanced sex ratio or the limited number of surviving genets. Surviving individuals are those that were able to switch to vegetative propagation, later aided by human activity that further contributed to the spread of the surviving genets around the whole island. Information derived from interviews with local Sardinian farmers has allowed the putative routes of local spread by vegetative propagation to be proposed. For centuries, farmers have exchanged cuttings to establish trees used for fencing, shade and ornamental purposes. As early as 1859 Moris described the species as locally present across the whole island of Sardinia and, in 1910, Briquet argued that white poplar was not native to Corsica, while he described the species as much more abundant and naturally regenerated in Sardinia. Today, it is a widespread component of the flora of Sardinia, thriving in a range of habitats: from those that are semi-natural to those that are highly anthropic and fragmented.
Evaluation of Webb's criteria for determining native status
As mentioned, Sardinian P. alba is, in some cases, locally regarded as a cryptogenic species (sensu Carlton, 1996) , due to its diverse status in different Mediterranean floras. Webb (1985) proposed eight criteria for determining whether a species is native (not all of them applicable to every species), and although very seldom is any one of them decisive, when several point in the same direction one is justified in accepting the composite evidence as reasonably conclusive. In the present research all the eight criteria proposed by Webb (fossil evidence, historical evidence, habitat, geographical distribution, frequency of known naturalization, genetic diversity, reproductive pattern and possible means of introductions) were assessed, although the focus was mainly on genetic diversity and reproductive patterns. This is partly because, in the absence of fossil or historical evidence, molecular tools allow comparison of Sardinian P. alba with populations from other Mediterranean localities, thus excluding some possible routes of introduction. Furthermore, although striking examples can be found of disjunct but undoubtedly native distributions, more or less continuous distributions are much more common for species with native status. In the Sardinian survey the habitats where P. alba thrives were also recorded; growing extensively in more or less natural habitats it is likely to be native, which is in agreement with the operational logic suggested by Webb (1985) . Finally, the prevalence of clonal spread may be regarded as a symptom of non-nativeness. In fact, Webb stated that it seemed reasonable to assume that most native plants are capable of reproducing, at least in part, by seed, and that if a plant reproduces entirely vegetatively it can legitimately be suspected of being an alien. He did, however, acknowledge that there are, of course, some exceptions and that the converse is not true, as many aliens reproduce entirely by seed. However, it has been significantly demonstrated that, despite the prevalence of clonal spread, the genetic diversity of Sardinian P. alba supports its original native status in the island.
Broad-scale comparison
The clonal diversity index, estimated here for the first time in Sardinian white poplar, demonstrates, once again, the clonal structure and the very low level of genotypic diversity of the Sardinian population, while measures of evenness show the prevalence of a few genets over the whole territory. In contrast, the clonal diversity index achieves the maximum possible value (a) in the case of the Ticino river population, in which all sampled individuals are unique genets, even though the Ticino population is very restricted to a much smaller area (only 100 km 2 , compared with Sardinia at 24 000 km 2 ). Moreover, analysis of cpSSR diversity and differentiation, at the broad scale, is strongly influenced by the inclusion or omission of the Sardinian samples in the analysis. The G ST value is lower than N ST when Sardinian data are included, thereby indicating the presence of a clear genetic structure (Pons and Petit, 1996) , probably associated with the vegetative reproduction, while the situation is exactly the opposite when the Sardinian data are omitted (G ST . N ST , Table 4 ).
The present results concerning the Mediterranean basin region further support the unique character of Sardinian white poplar and its native status. The H T and A R values estimated at the nuclear level for the Sardinian white poplar are comparable with those of the other analysed population (Ticino). These indices suggest that Sardinian white poplar maintains a fairly high level of genetic variability regardless of its vegetative propagation. However, the possibility cannot be excluded that such a high level of genetic diversity could be due to recent pollen flow from outside Sardinia, although this seems unlikely.
Taken together, these data can also be regarded as further support for the native status of white poplar in Sardinia, vs. a hypothetical human introduction in the past. In fact similar genetic studies on vegetatively reproducing plant species introduced beyond their native range by human activities, and now regarded as established aliens, show a totally contrasting pattern of genetic diversity (Fay et al., 1999; Hollingsworth and Bailey, 2000; Gil et al., 2004; Williams et al., 2005) .
The uniqueness and isolation of the Sardinian white poplar cpSSR haplotypes, as well as the presence of private alleles at nuclear loci, provide further support for the native status of the species. However, because of the distinct nature of the Sardinian samples, the present molecular results do not allow a clear introduction route to be proposed. In contrast, two other large islands, Sicily and Corsica, show one unique haplotype each, and an evident phylogeographic relationship with the continental populations (e.g. with Ticino, IRC and Camargue; Fig. 2 ). In fact, haplotype D is fairly widespread in the Mediterranean basin (Camargue, Macedonia, Sicily, Corsica, Ticino and IRC; Fig. 2 ), but absent from Sardinia.
Concluding remarks
White poplar represents an important native species of the riparian plant communities (Populetalia albae Br.-Bl. 1931) in Sardinia and in the Mediterranean basin.
At present the species is not under threat of serious decline in Sardinia, and there is even some evidence that it is vegetatively colonizing new areas as a result of land abandonment. Nevertheless, the unique nature of the relict Sardinian genets represents an important germplasm resource that should be managed for in situ conservation.
Therefore, in accordance with advice issued for other native forestry species, the introduction of white poplar from external sources should not be permitted without careful consideration of the possible adverse consequences. This is particularly true if introductions are planned for riparian and other sensitive habitats. Molecular tools proved, once again, to be very powerful for assessing biodiversity at the genetic level and have provided useful insights into the origin and status of this cryptogenic species.
SUPPLEMENTARY INFORMATION
Supplementary information is available online at www.aob. oxfordjournals.org/ and consists of the following. Table S1 , registry codes and provenances of the white poplar clones examined in this study; Table S2 , details of the genetic diversity for the five SSR loci analysed in the study for each population or collection; and Table S3 , a list of haplotypes identified in each population or collection analysed.
